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Abstract 
The aim of this thesis is to demonstrate the feasibility of a new technology developed in 
MNT group consisting on fabrication Metal-Insulator-Metal (MiM) capacitor by using 
electrospray technique. First an overview of the electrospray technique is introduced, and 
how 3D self-assembled structures and colloidal crystals are attained by using 
electrospray deposition technique. Electrical Double Layer Capacitance (EDLC) theory is 
also explained. Once the previous is clarified, the fabrication procedure of MiM capacitor 
is detailed. Two alternatives have been tested: In the first capacitor, Polystiene 
nanoparticles are deposited as insulator, on the contrary, SiO2 nanoparticles are 
deposited in the second MiM capacitor. The Polystirene and SiO2 nanoparticles 
capacitors are measured by using impedance spectroscopy. The measurement setup is 
also exposed, and finally, results showing the supercapacitor behaviour are exposed and 
discussed by comparing with previous published works. 
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1. Introduction 
The main goal of this thesis is to demonstrate de feasibility of a new technique developed 
in the MNT group to fabricate MiM capacitors by using electrosprayed nanoparticles. Two 
different materials are used as insulator, in the first case, Polystyrene nanoparticles, and 
in the second case SiO2 nanoparticles. The impedance measurement of the devices by 
impedance spectroscopy demonstrates that the fabricated devices show capacitive 
impedance. 
A Silicon wafer is used as substrate for the fabricated MiM. The first metal layer is made 
of evaporated Aluminium over silicon substrate, after lift-off, a squared shape defines the 
metal electrode where the nanoparticles will be deposited. 
The electrospray technique1,2 developed by the MNT group is used in this work to deposit 
nanoparticles on the metal electrode.  
Once the nanoparticles are deposited, a square pattern shadow mask is used to deposit 
the second evaporated aluminium layer on the nanoparticles; this layer is the top 
electrode.  
The aluminium electrodes will be contacted by the Agilent 4294A impedance analyser 
measuring proves and its impedance plot and Nyquist diagram will be obtained. 
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2. State of the art of the technology used or applied in this 
thesis. 
 
The technology used in this thesis is reviewed in this chapter in order to facilitate the 
comprehension of the overall capacitive effect observed. The Electrospray is the 
technique used to deposit nanoparticles on the bottom aluminium electrode, therefore the 
nanoparticles ionization by electrospray is defined in 2.1. 
The nanoparticles deposition by electrospray under certain conditions yields to the 
formation of 3D ordered structures. The mechanisms that produce such structures are 
described in 2.2. 
Finally the Electrical Double Layer as effect involved in the electrical charge accumulation 
inherent in any capacitor will be explained in 2.4. 
2.1. Electrospray ionization. 3 
 
 As mentioned in previous section, nanoparticles are deposited by using electrospray 
technique. In this chapter an overview of the electrospray process is given, describing 
those aspects that concern the nanoparticle deposition on the Aluminium electrode. 
The electrospray principle in this application is based on the generation of small droplets 
of an immiscible solution of nanoparticles flowing through a small outlet, when a high 
voltage is applied. Once a sufficient high voltage is supplied between the solution and the 
bottom electrode, the solution is dispersed in fine droplets, which undergo a succession 
of solvent evaporation and coulombic fission, lastly leading to multiple droplets containing 
charged nanotroparticles.  
 
 
Fig. 1. Electrospray ionization: increasing electric fields are applied; When the electric field equals 
Eonset the solution is dispersed in fine droplets from the cone’s tip. 
 
The voltage applied can be either positive or negative, leading to the formation of positive 
or negative charged nanoparticles. 
For the electrospray onset one can distinguish three stages illustrated in Fig. 1.  A power 
supply is connected between a solution in a capillary and the bottom electrode.  At the 
first stage when no voltage is applied, the surface tension and the pressure are the only 
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forces acting on the liquid surface at the outlet of the capillary. When a positive potential 
is applied to the solution, the liquid – air interface becomes polarised with an excess ionic 
charge, resulting in a quasi-conical shape. When the electrostatic force and the surface 
tension balance perfectly, the surface is fully conic, designated as the Taylor cone. 
The electric field corresponding to the onset of the spray, so called Eonset can be 
calculated by equation 1. 
 
Eq. 1. 
Where is the surface tension of the solvent, θ is the cone half angle (θ=49.3º), rc is the 
distance between the rim of the capillary and the cone apex,  are respectively the 
normal and the tangential component of the electric field with respect to the surface of the 
cone 
 
Fig. 2. Schematically representation of the Taylor cone with its characteristic 
parameters. 
 
By analogy with a metallic point, with a hyperboloid shape and a metallic plane located at 
a distance d from de tip, the electric field at the cone apex can be calculated by equation 
2. Where Ves is the applied voltage between the metallic point and the bottom electrode, d 
is the distance between the tip and the bottom electrode. 
 
 
Eq. 2. 
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Fig. 3. Cone-jet mode on a nanospray tip. 
 
With a slight increase of the applied voltage, the cone is destabilised. The surface tension 
is too low to keep the solution-air interface stable, and the later disrupts at the tip of the 
cone where the electric field is the maximum, the solution is dispersed into droplets 
generated from the cone apex and this is called “cone-jet” mode as we appreciate in 
figure 3. With a further increase, several jets are formed, and identified as the “multi-jet” 
mode; this mode is unstable and therefore not used to deposit nanoparticles. 
Due to evaporation of the solvent, the positively charged droplets start to shrink and the 
charge density at the surface of the droplets increase. When the coulombic repulsion 
exceeds the surface tension Rayleigh limit is reached, each drop explodes in a jet–fission 
mode thereby producing a set of smaller progeny droplets, and one residue droplet. The 
resulting droplets containing the positively charged nanoparticles will be deposited on the 
bottom electrode. 
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2.2. Electrospray method implemented by the MNT group members. 
 
The MNT group implemented an electrospray setup consisting of an infusion pump from 
B. Braun SA (Melsungen, Germany), a Luer Lock 10-ml syringe, a Hamilton needle (600-
μm outer and 130-μm inner diameter; Hamilton, Bonaduz, GR, Switzerland), and and 
Ultravolt high-voltage bipolas source, -15 KV to +15 kV (Ultravolt, Ronkonkoma, NY, 
USA). The deposition takes place inside a glove box with controlled N2 atmosphere. 
Figure 4 shows a detail of the needle and the Aluminium patterned Silicon substrate 
where the deposition takes place. Enlarged images of the needle tip exhibiting the Taylor 
cone appears on the right side of figure 4.   
 
Fig. 4. The electrospray setup. (A) View of the experimental setup exhibiting the needle. (B) Enlarged 
images of the tip of the needle showing the Taylor cone. (C) Another view of the Taylor cone slightly twisted 
during deposition. The jet is 4 µm in diameter approximately in both cases. (D) Example of patterned 
aluminium on top of a silicon substrate used as the bottom electrode 
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2.3. 3D self-assembled structures. 
 
Self-Assembly is a technological process resulting in an ordered structure of individual 
units without direct human intervention. This technique enables the fabrication of 
nanoscale structures. 
Recently, MNT group developed a technique based on electrospray that permits the 
production in some minutes of square centimetre area multilayer 3D assembled silica and 
polystyrene nanospheres (figure 5). Such nanostructures have many electrical and 
optical applications, like the production of 3D self-assembled photonic crystals (see figure 
6), or large surface-to-volume ratio structures that enables the fabrication of devices that 
exhibit large capacitance-to-volume ratio. 
 
A combination of variables of the electrospray process are involved to lead to 3D self-
assembling multilayer structure: Solution conductivity, liquid flow rate, stable Taylor cone, 
nitrogen flow in the glow box,  wetness in the deposit surface, and keep the electric field 
ON during the drying phase. To attain 3D assembling poly layer MNT group 
experimentally found the following conditions to lead to self assembly structure: 
Conductivity of the liquid in the range of 350 μS, stable solution flow in the range of 0.5 – 
2.2 ml/h, stable Taylor cone formation with 8 – 15 kV, nitrogen flow in the glow box with 
1.5 bar overpressure during deposition and reducing flow rate during drying phase. 
 
 
 
Fig. 5. SEM pictures of 360-nm-diameter polystyrene nanosphere layers. (a) Cut surface showing [1 0 0] and 
[1 1 1] ordered facets, (b) close view of the perpendicular cut, (c) close view of the [1 1 1] face, and (d) top 
view of the [1 0 0] (top) and [1 1 0] order (bottom). 
  15 
By controlling the mentioned process variables to match the above mentioned values, 
The nanoparticles form a structure similar to the depicted in figure 5. Presumably 
electrostatic forces are involved in the formation of such structures, and the fact that the 
droplets produced by electrospray have net charge, as well as the presence of liquid from 
the aerosol on the substrate, has been found, among others, to be essential conditions to 
yield to 3D assembled structures. 
 
 
Fig. 6. Front surface view of an electrosprayed layer. Light is coming from four different incident angles at 
55°, 35°, 30°, and 20°, from top left to down right, and reflecting light corresponding to purple, blue, green, 
and orange wavelength. The sample displayed area is 5 × 5 mm2. 
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2.4. Electrical Double Layer.9 
 
An electrical double layer is an electrical charge structure that appears on the surface of 
an object when it is exposed to a fluid. The object might be a solid particle, a gas bubble, 
a liquid droplet, or a porous body. The DL refers to two parallel layers of charge 
surrounding the object. The first layer, the surface charge (either positive or negative), 
comprises ions adsorbed onto the object due to chemical interactions. The second layer 
is composed of ions attracted to the surface charge via the Coulomb force, 
electrically screening the first layer. This second layer is loosely associated with the 
object. It is made of free ions that move in the fluid under the influence of electric 
attraction and thermal motion rather than being firmly anchored. It is thus called the 
"diffuse layer". 
Interfacial DLs normally appear in systems with a large surface area to volume ratio, such 
as a colloid or porous bodies with particles or pores (respectively) on the scale of 
micrometers to nanometers. However, DLs are important to other phenomena, such as 
the electrochemical behavior of electrodes. 
In our case, the electrical double layer takes place on the nanoparticle surface, since 
there is water by the surroundings that act as fluid that contain ions. Those ions will form 
the double layer on the nanoparticles surface, and since this structure exhibit large 
surface-to-area ratio, the resulting capacitance is increased. 
 
 
Fig. 7. Schematically representation of the formation of an electrical double layer on a solid surface 
immersed in a liquid that contains positive and negative solvated ions. 
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Fig. 8. Potential distribution as a function of distance of an EDLC. Potential decreases exponentially. 
 
When DC voltage is applied to the interface of an electrode, the solvated ions move 
towards the electrodes passing across the separator, and the electric double layer is 
established to store the electric charge. The electric capacitance stored in the layer is 
proportional to the surface area of the electrode and inversely proportional to the 
thickness of the double layer. 
Figure 8 shows a positive electrode in contact with an electrolyte. The positive electrode 
repels the co-ions while attracts the counter ions, hence creating two layers of opposite 
polarity on the interface between electrode and electrolyte. The potential distribution in an 
Electric Double Layer decreases exponentially as the distance increases. 
 
 
 
 
  18 
2.4.1. Electrical Double layer Capacitor (EDLC). 10 
 
EDLC, also denoted as supercapacitors consist of two electrodes with very high effective 
area and a separator which contain materials that contribute to the formation of an EDL 
or pseoudocapacitance or both. The electrolyte separates the electrodes, and facilitates 
the ion transfer between electrodes when charging or discharging. Supercapacitors have 
higher power densities than batteries, and reasonable energy densities. Since the 
capacitance is directly dependent on surface, and power density is desirable to be 
maximized, it is important to use large surface-to-area structure in the fabrication of 
EDLC electrodes, to store electrical charge. Most of those enlarged surface-to-area 
electrodes use highly porous carbon materials 4,5, 6 that exhibit such feature. In this work, 
on the contrary, Nanoparticle structures are used as large surface-to-area structure 
instead of carbon based electrodes. 
 
 
Fig. 9. Left: discharged capacitor. Ions are randomly distributed in the electrolyte; no electric field is applied 
to the electrodes. Right: Electric field is applied to the electrodes; EDL is formed on the electrode-electrolyte 
interface. 
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3. Nanoparticles MiM capacitor fabrication process. 
The MiM device was fabricated in the clean room of the MNT group, by using a 
lithographic process, electrospray, and aluminium deposition. 
This fabrication process is an improvement of a previous method developed by the MNT 
group7 in which the top electrode was entirely placed covering the nanoparticles, 
therefore the contact prove had to be placed on top electrode over the nanoparticles, this 
contact method is very aggressive and often resulted in sample destruction during testing 
procedure. The aim of this improvement is to obtain a contact area outside of the active 
area to allow contacting the top electrode on the photoresist, which is more robust, and 
not on the fragile nanoparticles. To make the contact area, a 7 um photoresist layer was 
spun on the wafer and selectively etched to build a container for the nanoparticles. The 
top electrode is enlarged so that it totally covers the active area and overlaps the 
photoresist. 
3.1.1. Masks used to fabricate the MiM device. 
The following figures depict the masks used in the lithographic processes. The silicon 
wafer is divided in 8 parts, each of them can contain 3 capacitors and 2 different sizes are 
available on the silicon wafer.  
The biggest square is the common point where the contact proves will be placed to 
measure the resulting impedance. 
 
Fig. 10. Mask used during the first lithographic process. Aluminium remains in the white zones on the 
substrate after lift-off. 
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Fig. 11. Mask used in the second lithographic process to fabricate the spacers. Nanoparticles will be 
deposited on the central white squares by electrospray, the left and right squares will be used to contact the 
bottom electrode. The entire black area will be covered with 7 um photoresist, but in the white parts the 
photoresist will be etched away leaving the bottom electrode accessible. 
 
The spacers mask will define the area where the nanoparticles will contact the bottom 
electrode. 
The top electrode must be slightly bigger than the spacers to obtain a photoresist 
overlapping area outside of the active area so that under the contact area there is 
photoresist and not nanoparticles. 
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Fig. 12. Mask used during the last step that consists in depositing the aluminium top electrode. This mask is 
placed on the sample after nanoparticles deposition, and is removed after aluminium deposition, so that an 
aluminium layer is kept on the nanoparticles. 
The aluminium shadow mask must be placed on the device after nanoparticles deposition. 
This mask will be placed aligned with the active area, and will delimit the area were the 
aluminium will be deposited during evaporation, to fabricate the top electrode.  
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3.1.2. Fabrication steps. 
The fabrication process is shown schematically in figure 13. A photoresist layer (b) was 
first spun on a silicon substrate (a) and a first mask was used to open the active area (c). 
An Al film was deposited by evaporation (d). The photoresist was then etched and the 
patterned bottom electrode remained on top of the silicon wafer after lift-off  (e). The next 
lithographic step results in a container on the active area to deposit the nanoparticles 
inside. A 7 um photoresist layer was spun on the silicon wafer containing the bottom 
electrode (f) the photoresist was etched again to make a container on the active area and 
contact area of the botom electrode (g). The nanoparticles were deposited by 
electrospray technique as mentioned in section 2.1. (h). The top electrode was deposited 
on the nanoparticles through a shadow mask by Al evaporation. (i). 
 
Fig. 13. Schematic steps of the fabrication process from aluminium wafer to finished MiM device. 
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4. Measuring the fabricated MiM Capacitor. 
This section describes the measurement method for the fabricated MiM capacitors. The 
Agilent 4294A uses an auto balancing bridge to perform impedance measurements, such 
method and the connection with de fabricated MiM will be detailed and discussed. 
Once the device is fabricated we will measure its impedance by using Agilent 4294A  
impedance analyser. This impedance analyser can perform frequency sweep from 40 Hz 
to 110 MHz of a current or voltage signal source while applying DC bias to the device 
under test, but for our purpose and to avoid inductive parasitic effect of wiring at high 
frequencies, measures are preformed from 40Hz to 1MHz. The key measurement 
specifications are summarized in table 1. 
 
 
4.1.1. Autobalancing Bridge. 
Figure 14 shows the schematic representation of an auto-balancing bridge, and figure 15 
shows the simplified analog section of the Agilent 4294A. The Autobalancing Bridge is 
based on an OPAMP as a current to voltage converter. Oscillator signal is applied to the 
device under test (DUT), which is the fabricated MiM in our particular case.  
Since OPAMP gain is infinite and its input current is 0, (let us suppose an ideal OPAMP), 
the potential in L terminal is 0 and the current flowing through Zx, flows also trough the 
constant known resistance R. By using auto balancing bridge, we can determine the 
current flowing through Zx by measuring the OPAMP output voltage, so that the 
impedance for a certain frequency can be determined by using equation 3. Additionally, 
to provide the phase of the impedance, the Agilent 4294A measures the phase delay 
existing between Vosc and Vout. 
 
 
Eq. 3. 
 
 
Table 1. Agilent 4294A Key features. 
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Fig. 14. Basic block diagram of the measuring 
method. An OPA is used as current to voltage 
converter, hence the voltage at the output of the OPA 
is proportional to the current flowing through Zx, 
therefore the impedance Zx can be calculated by 
dividing the voltage in H and the OPA’s output 
voltage. 
Fig. 15. More detailed scheme of the measuring system 
implemented in the Agilent 4294A. Most of the forming 
blocs are aimed to attain 0V at Low side of DUT, 
Impedance is determined by detecting the ratio between 
signal in High side and Low side of DUT. 
 
As we can appreciate in figure 15, the actual analog section in the Agilent 4294A is not so 
simple, in general most of the structure is used to attain 0V at Low terminal by balancing 
the current in the range resistor, so that sample signal OSC is entirely applied to the DUT. 
The Phase detector + integrator + modulator in auto balancing bridge section generate a 
signal that is applied to the buffer’s side of the Range resistor, such signal is aimed to be 
equal to the signal existing in DUT’s low side, therefore the current flowing through the 
range resistor is 0 and so it is the voltage at DUT’s low side.  
At the end, since the signal at the input of the buffer is calculated to balance the current 
trough the range resistor, it is therefore proportional to the current through the DUT, 
hence the DUT’s impedance can be calculated by dividing the output signal of the buffers 
in the vector ratio detector section. 
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4.1.2. Therminal Configuration. 
 
The Agilent 4294A has 4 BNC connection terminals: Hcur and Lcur are the signal source 
terminals whereas Hpot and Lpot are measurement terminals; the guard is accessible in 
the outer conductors of the coaxial wires. It is important to note that the guard terminal is 
not common for the signal source, and voltage & current measurement elements, 
therefore it must be always externally connected as convenience by connecting the outer 
conductors to each other in the proper plane depending on the desired measurement 
range and required accuracy.  
The Agilent technologies Impedance measurement Handbook8 specifies in its section 3 
some possible connection schemes, figure 16 represents the four terminal pair 
configuration (4TP configuration) in which the measurement range and accuracy are 
extended, and in figure 16 d is represented a configuration where the guard is not 
connected to a common point so that the measurement can not be properly made. 
The connexion between the impedance analyser and the device under test (DUT) 
influences the measures mostly due to the parasitic effect of wiring, this non desired 
effect becomes important as the DUT impedance approaches the wiring impedance, and 
is negligible when the DUT’s impedance is much bigger than the wiring impedance.  
In order to evaluate the influence of the wiring in the measured data, two connection 
configurations has been tested, figure 17 a shows one possible configuration, in this 
connecting diagram the guard (outer conductors) are connected together in the reference 
plane, on the contrary, in figure 17 b the shield of the 2 terminal cable extension is 
connected to the guard at the end of the wires so that the return current flows through the 
outer connector. 
 
Fig. 16. a) 4 terminal pair configuration scheme with the guard connected at the end of the wires. b) 
Equivalent schematic with the measuring elements, sampling signal and reference. c) Impedance 
measurement range available by using 4 terminal pair configuration. d) Wrong way to connect the Agilent 
4294A to the DUT, since the guard is not connected, the measurement can not be properly made. 
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Fig. 17. Two possible wiring configurations, a) guard is connected at the end of the 4 terminal plane, b) 
guard is connected at the DUT plane. 
 
The proves has been shorted in order to measure the wiring impedance; therefore 
measuring impedance of an ideal wiring we would obtain 0Ω and no phase shift over the 
entire frequency range, on the contrary the parasitic resistance of wiring and contact as 
well as inductive effect as frequency increases, among other parasitic effects, will distort 
the measure, as we will appreciate in figure 18. 
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Fig. 18. Impedance module and phase plot of the data obtained from de Agilent 4294A performing 40 Hz to 
1 MHz frequency sweep and measuring short circuit. Blue line: guard connected at the end of the 4 terminal 
pair plane. Red line: guard shorted at the DUT plane. We can observe an increased measuring BW when 
guard is connected in DUT plane, since wiring effect is lower in the red line. 
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As we can appreciate in figure 18 the impedance measured for each wiring configuration 
is different. Since is important to reduce the parasitic effect of wiring on the measured 
data we must chose the configuration showing lower impedance, this is the red line, 
which corresponds to the one with guard shorted at the wiring termination. In this 
configuration the return current flows through the outer conductor of the coaxial cable, so 
the magnetic flux generated by the inner conductor is cancelled. 
By analysing the bode plot present in figure 18 we can assume that the equivalent circuit 
of concentrated parameters of the connection wiring is in first approximation equivalent to 
a resistor in series with an inductor, The impedance value at 1 MHz is in the range of tens 
of ohms and the phase approaches 80º as the frequency increases. The equivalent 
series resistance is approximately 2 Ω at lower frequencies when the wiring shows pure 
resistive impedance. 
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5. Results. 
These results are based on the impedance measurement of the fabricated MiM 
capacitors. To obtain this impedance measures, the sample source is configured as a 10 
mArms constant source and 0 Vbias, the frequency is logarithmic swept from 40 Hz to 1 
MHz and a set of 200 data points are captured. 
5.1. Impedance spectroscopy of a MiM capacitor made of 3D assembled 
polystyrene nanoparticles. 
In order to measure the impedance of the MiM device, the Agilent 4294A has been 
configured to perform a frequency sweep from 40 Hz to 1 MHz, and to apply a test signal 
consisting in a 10 mArms current source, No DC bias voltage was applied to the device 
since no impedance variation has been observed when applying DC bias. Under these 
measuring conditions, the data obtained is represented in figure 19 and figure 20. 
The impedance measures of the fabricated MiM device reveal its capacitive behaviour 
within the frequency range from 40 Hz to 1 MHz. Impedance plot shows linear decay of    
-20 dB/dec, and phase shift close to -90º. According to the data obtained it is clearly 
appreciable that the measured device shows capacitive impedance in this frequency 
range. 
Examining the phase plot, one can appreciate a phase increasing tendency for 
frequencies above 10 kHz, this could be due to the inductive effect of the Aluminium 
routing on the silicon substrate. Further measurements may be performed to confirm this 
hypothesis. 
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Fig. 19. Impedance module and phase plot of the polystyrene nanoparticles MiM capacitor. Frequencies from 
40 Hz to 1 MHz. Continuous blue line: raw data including wiring impedance. Dotted red line: Impedance after 
subtraction of wiring effect.  
 
The impedance plot shows both the raw data and the processed data in which the wiring 
effect is subtracted. Since the parasitic impedance of wiring is much lower than the MiM 
device impedance, its parasitic effect over the impedance plot is little appreciable in the 
impedance plot, but if we focus on the frequencies near 1 MHz we can appreciate that 
the influence is greater because as demonstrated in previous section, the wiring inductive 
effect rises as the frequency increases. 
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Figure 20 shows the Nyquist plot of the measured MiM in the same conditions as the 
previous impedance plot, this data is indirectly measured by processing module and 
phase raw data using Euler’s formula. In the subplot there is a detail of the impedance 
within the vicinity of 1 MHz, it shows the difference between the measured raw data and 
the impedance after wiring effect subtraction. In the Nyquist plot the frequency is not 
represented but one can clearly see the real and imaginary part of the impedance, and in 
this particular case the plot represents mostly capacitive reactance, since the imaginary 
part rises faster than real part as depicted in the almost vertical red line in figure 20. 
 
 
Fig. 20. Nyquist plot of the polystyrene nanoparticles MiM capacitor. Frequencies from 40 Hz to 1 MHz. 
Subplot: Detail of the vicinity of 1 MHz data where we can evaluate the series resistance of the device. Blue 
Dots: Raw data including the wiring parasitic impedance, Red dots: Data after wiring impedance subtraction. 
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5.2. Scanning Electron Microscope images of the  polystyrene MiM capacitor. 
By using the electron microscope situated in CRNE facilities we obtained some images of 
the polystyrene MiM capacitor. In the following images we can clearly observe the device 
structure and we can differentiate its forming parts, and how the device has been 
damaged after intensive mechanical stress during test phase.  
Figure 21 shows a SEM picture of the device and in figure 22 there is a picture of the 
same device obtained using an optical microscope. The red delimited area corresponds 
to the picture shown in figure 21. It is clearly shown in these SEM pictures that the device 
is very damaged since there are many cracks and scratches on top electrode. 
 
Fig. 21. SEM image of the device after intensive testing stress.  
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Fig. 22. Image of the Polystyrene MiM device obtained with the optical microscope. The squared area 
corresponds to the enlarged image obtained with the SEM and shown in figure 21. 
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In figure 23 one can observe a magnified area of the device where there are two big 
cracks pointed by the blue arrows these cracks are due to the mechanical stress applied 
to the thin aluminium layer during test phase. The red arrow points a scratch on the 
aluminium top electrode, made while contacting with testing proves.  
 
Fig. 23.  Detail of the cracks (blue arrows) and scratches (red arrow) on top electrode.  
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Figure 24 is a detail of one of these cracks; inside the crack one can appreciate how the 
crack propagates deeply trough the nanoparticles under the aluminium layer. 
  
 
Fig. 24.  Detail of a crack where the nanoparticles are visible inside. 
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Figure 25 is very interesting since it clearly demonstrates how the nanoparticles are 
arranged forming layers of ordered nanoparticles. In the upper left corner one can 
appreciate up to 6 layers. Two of the MiM structure parts are shown in this picture: 
Nanoparticles and top electrode aluminium layer, since they are in different planes, 
nanoparticles are on focus but aluminium is not. 
As we can appreciate, it looks like the aluminium layer has been pulled out and some 
layers of nanoparticles have been adhered to the aluminium in some areas, so that the 
nanoparticles have been also pulled out.  
 
Fig. 25. SEM image of an area in which the top electrode has been pulled out discovering the nanoparticles. 
Up to 6 layers of ordered nanoparticles are visible in the upper left corner. 
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Figure 26 shows the aluminium layer on the nanoparticles. It is interesting to appreciate 
the aluminium crystals grown on the nanoparticles 
 
Fig. 26. Detail of the top electrode. 
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To obtain figure 27, a hole has been dug on the device. In this picture we can appreciate 
that the distance between electrodes is not constant over the entire device area, since in 
this picture just some nanometers separate the aluminium electrodes. 
 
Fig. 27. SEM image of the device cross section where we can appreciate the aluminium top and bottom 
electrode as well as a thin layer of nanoparticles and the silicon substrate. 
 
Figure 27 demonstrates that the device thickness is not constant; this may be because 
during drying phase after electrospray, the remaining liquid does not dries uniformly, 
resulting in higher concentration of nanoparticles as we approach to the device boundary 
as is depicted in figure 28.  
 
 
Fig. 28. Schematic cross section of a MiM device where the thickness is not uniform.  
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6. Results Analysis.  
6.1. Series and parallel resistance estimation. 
The series and parallel resistances present in an actual device can be estimated by 
inspection of the Nyquist plot. If we assume the general model of a capacitor with series 
and parallel resistance, those non desirable resistive components can be determined by 
finding the Nyquist plot real values at which imaginary value is zero. 
In our particular case the Nyquist plot in figure 20 allows us to figure out the series 
resistance approximately equal to 6 Ω. This value has been found assuming linear 
interpolation, to find a more accurate value we should expand the frequency range above 
1 MHz, but in our practical case, this yields in a highly parasitics influenced measure. 
Parallel resistance can be determined in the Nyquist plot low frequency side, but in our 
practical case the lowest frequency tested is 40 Hz due to the limitation of Agilent 4294A. 
Such frequency is clearly not enough to entirely characterise the fabricated device.  
 
6.2. Capacitance estimation from measured data. 
The measured data allows us to deduce the capacitance measured by the Agilent 4294A. 
The impedance plot in figure 19 shows an impedance decay of -20dB/dec in the 
measurement range from 40 Hz to 100 KHz and phase is very close to -90º so we can 
assume capacitive impedance. By using Eq. 4 is possible to figure out the capacitor value 
presenting such impedance, if we calculate we obtain C = 5.3 nF. So the measured MiM 
device made of 3D ordered nanoparticles presents impedance, in the measured 
frequency range, corresponding to a 5.3 nF capacitor.   
 
Eq. 4. 
 
6.3. Specific surface capacitance estimation according its actual physical 
dimensions. 
The polystyrene MiM capacitor has been measured by using the picture obtained from 
the magnifier and an application to measure the image. In figure 28 is shown the 
mentioned image and the side length of the active area on the nanoparticles. 
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Fig. 29. Picture of the Polystyrene MiM device with dimensions of active area. 
 
From figure 28 we can calculate the device area, resulting in this case A = 10.10 mm2 = 
0.101 cm2. With the capacitance value calculated in section 6.2, we can figure out its 
specific capacitance to be equal to Cs = 52.47 nF·cm-2. The specific capacitance value 
will be used later to compare this result with other published work about supercapacitors. 
 
6.4. Comparing the measured capacitance with a theoretical capacitance value. 
 
A worst case capacitance estimation assuming continuous dielectric layer of similar 
permittivity and dimension will result in capacitance in the order of picofarads, by using eq. 
5. 
 
 
Eq 5. 
 
This means that the fabricated capacitor exhibit, in the measurement frequency range, a 
capacitance of 3 orders of magnitude higher than the theoretical capacitor of similar 
physical dimensions and permittivity. Further work must be done to explain such an 
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increase in capacitance, but probably the fact that the nanoparticles are 3D assembled as 
shown in SEM picture in figure 26 has high influence in the increase of capacitance. 
Later in section 5 this result will be compared with a previous work by the MNT group 
consisting in the fabrication and measurement of a MiM capacitor made of SiO2 
nanoparticles. 
6.5. Impedance spectroscopy of MiM capacitor made of Si02 nanoparticles. 
Another sample made of SiO2 nanoparticles was characterised by means of impedance 
spectroscopy in the same frequency range than the previous with polystyrene. It is 
important to note that these results are not obtained with the same wiring configuration 
used to measure the Polystyrene MiM, instead of this, the 4 terminal configuration 
depicted in figure 16 (d) was used. Anyway, we assume these data as representative 
since as we assume, any parasitic effect is much lower than the measured impedance. If 
this assumption is right, we can consider the following data representative of the real 
device impedance. 
 
Fig. 30. Nyquist diagram of the SiO2 nanoparticles MiM.  Measures are made for different Vbias from 600 mV 
to -600 mV 
The main difference between the Nyquist plot in figure 28 corresponding to the SiO2 MiM 
and the Nyquist of figure 20 is that the resistance and reactance values are much lower in 
SiO2 than in Polystyrene, also in the SiO2 sample it has been observed a VBias 
dependency as figure 28 shows, such effect is not present in the Polystyrene sample. 
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7. Comparison with other published work about 
supercapacitors. 
Multiple works about supercapacitors electrodes and EDLC fabrication have been 
published in the lasts years4,6,9 in general these works consist in the fabrication and 
characterisation of different kind of electrodes and solid, liquid or gel electrolytes to obtain 
a specific capacitance value ranging from 100 to 300 F/g. To characterise these devices 
they use many testing methods as well as impedance spectroscopy, so they obtain much 
more data than the obtained in this work. The Nyquist plot and Impedance plots are 
obtained at testing frequencies much lower than in this work or the obtained values are in 
different ranges, hence these results are non comparable with the results obtained in this 
work. 
Anyway we can compare the specific surface capacitance since this parameter is directly 
or indirectly specified in the paper. 
As an example we compare results from the publication: "Vertically-Oriented Graphene 
Electric Double Layer Capacitor Designs"11 in this publication they fabricate a single 
EDLC cell by using Vertically-Oriented Graphene (VOGN) in an interdigitated structure of 
electrodes filled by a solid-state electrolyte. 
From the data reported in this publication is possible to derive the specific surface 
capacitance of the single EDLC cell. The fabricated cell area is 90 mm2, the capacitance 
is not constant over the frequency range, it varies from 50 µF at 10 kHz to 125 µF at 1 Hz, 
hence this device exhibit specific capacitance Cs = 55.56 µF·cm-2 at 10 kHz which is 3 
orders of magnitude higher that the specific capacitance calculated in section 6.3. 
Another example to compare is the publication "Gold nanoparticle embedded paper with 
mechanically exfoliated graphite as flexible supercapacitor electrodes".12 In this 
publication they report a method to fabricate flexible electrodes by using paper containing 
embedded gold nanoparticles, and covered with exfoliated graphite. Again like they do in 
the previous publication, they use an electrolyte separator, this time containing Ni-Cu 
hidroxide with KOH instead of the solid-state electrolyte used in the previous example. 
From the analysis of the data obtained in this work, they conclude a specific capacitance 
Cs = 60.3 mF·cm-2, as they specify, this value is obtained by using the Nyquist plot at its 
characteristic frequency, at which imaginary part is equal to real part and phase is 45º. 
This specific capacitance value is 3 orders of magnitude higher than the previous 
example and therefore is 6 orders of magnitude higher than the specific capacitance 
value calculated in section 6.3.  
In May 2014 a paper was published by MNT group members7, describing the fabrication 
and characterisation of a MiM capacitor made of SiO2 nanoparticles.  
A MiM capacitor was fabricated with SiO2 252 nm diameter nanoparticles by using 
electrospray technique and aluminium deposition. Its impedance was measured by 
impedance spectroscopy using the Agilent 4294A at frequencies from 50 Hz to 10 MHz, 
but the measuring procedure and set up is not specified. A 4.4 factor of capacitance 
increase was achieved compared to a continuous dielectric layer of same dimensions 
and permittivity.  
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7.1. Comparing impedance plots. 
Figure 29 shows a comparison of the impedance measurements of the MiM capacitor 
fabricated by MNT group in may 2014 and the polystyrene MiM capacitor of this work. 
The impedance plot of the SiO2 MiM show a resistive behaviour up to approximately 10 
kHz, for frequencies higher than 10 kHz, Both the phase and the impedance magnitude 
start to decrease, exhibiting capacitive behaviour.  
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Fig. 31. Comparison of the impedance plots of the fabricated MiM with polystyrene nanoparticles (dotted red 
line) and the MiM SiO2 nanoparticles device fabricated by MNT members in 2014 (black solid line). 
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On the other hand, Polystirene MiM shows capacitive impedance over the whole 
frequency range. By analysing this result, we can conclude that assuming a model with a 
capacitor, parallel resistance and series resistance, the parallel resistance and the 
capacitance of the SiO2 capacitor are both lower than in polystyrene MiM. In fact, the 
value of the specific capacitance was calculated resulting in 1.3 nF·cm-2 and since the 
area of such device is 0.07 cm2, the absolute capacitance value results in 0.091 nF, 
which is 60 times lower than the capacitance calculated in section 6.2. 
7.2. Comparing Nyquist plots 
The resulting Nyquist plot of the SiO2 MiM capacitor fabricated by MNT members is 
depicted in figure 30,  The data obtained using the Agilent impedance analyser was fitted 
using the Cole-Cole Model with constant phase element α = 0.97.  
Comparing the mentioned Nyquist plot with the one in section 3.1, one can clearly 
appreciate that impedance and reactance values are non comparable since the 
Polystyrene MiM exhibit reactance and resistance several orders of magnitude higher 
than those of the discussed SiO2 MiM capacitor. 
Considering now the Nyquist plot of the SiO2 MiM fabricated in this work, in section 6.5, 
we can observe that in this case, the Nyquists diagrams are comparable when          
Vbias = -600 mV, since the bias voltage applied to obtain the data in figure 30 is not 
specified in the publication, I assume that the applied voltage is the one that results in the 
highest capacitance value. The fact that the Nyquist plots are comparable can be 
explained considering that both MiM capacitors were made of SiO2 nanoparticles and 
they have similar surface. And since the publication does not give details about the 
characterisation method, characterisation was probably done by using configuration in 
figure 16 (d), as we did to measure the SiO2 sample in this work. 
 
 
Fig 32. Nyquist plot of the MiM SiO2 device fabricated by MNT members in 2014. 
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8. Conclusions and future development 
8.1. Summary 
In this work, a MiM capacitor has been fabricated by using the electrospray technique 
developed by the MNT group to deposit Polystyrene nanoparticles (Refer to section 2.2). 
The SEM images exhibit the 3D ordered structure (Refer to section 2.3) of the 
nanoparticles between the contact aluminium surfaces, see figure 25. The built capacitor 
was characterised by measuring its impedance within the range of 40 to 1 MHz, as a 
result, impedance plot and Nyquist plot have been obtained and exposed in section 3.1. 
The data resulting from this experiment has been compared with a previous published 
works (Refer to section 7). 
8.2. Conclusions 
The impedance spectroscopy demonstrates that the fabricated MiM capacitor exhibits 
capacitive impedance in the range of 40 to 1 MHz. No variation in its impedance has 
been observed when applying DC bias to the device, unlike the observed in previous 
work7. 
The Nyquist plot allowed us to estimate the device’s equivalent series resistance, such 
undesirable resistance has been estimated to be less than 10 Ω, but we must take into 
account that most of resistance is due to the contact resistance between probe’s needles 
and aluminium electrodes. The impedance plot allows us to figure out the capacitance 
value (see section 6.2), it has been found to be 5.3 nF, The capacitance value of a 
parallel plate capacitor with similar surface and distance between plates would be some 
picofarads. Hence, based on the impedance measurements, we can conclude that the 
fabricated capacitor features a capacitance increase of 3 orders of magnitude compared 
with a parallel plate capacitor with similar area and thickness. 
This work has been compared with several previously published works about super 
capacitor’s electrodes fabrication in which they use novel techniques and materials based 
on activated carbon, carbon nanotubes, among others; and different electrolytes with the 
common main objective of increase the capacitance density or specific capacitance. In 
the compared works they perform many testing methods as well as impedance 
spectroscopy to their fabricated devices; therefore they obtain much more data than the 
obtained in this work, for this reason, comparing the results of these works with the 
obtained in this work is non representative. When comparing the specific surface 
capacitance (see section 7) we found that the results reported in other published works 
exhibit capacitance values much higher than those obtained in this work, but we must 
consider that this increased capacitance achieved may be due to the use of electrolytic 
substances.  
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8.3. Future development 
The results found are very encouraging. The impedance measurements presumably 
demonstrate a improvement compared with non ordered SiO2 device, probably due to the 
use of 3D assembled nanoparticles in the MiM capacitor. On the other hand, when 
comparing with recently published work about supercapacitors, we conclude that the 
specific surface capacitance achieved in the compared journals is much higher than the 
calculated in this work, but we have to take into account that in those works they add an 
electrolytic substance that could explain the increased capacitance. 
In my opinion the improvement in the testing phase is crucial. In order to be able to 
compare the results with the currently published similar works, we should make the same 
characterisation experiments. Hence is important to improve the testing phase by 
including other experiments like constant current charge and discharge, in order to obtain 
the voltage as a function of time when charging at constant current and therefore be able 
to deduce the time constant, and the series resistance. Parallel resistance may be 
evaluated by examining the discharge waveform but using a very high input impedance 
analyser. 
The impedance spectroscopy should be improved by expanding the measurement 
ranges, especially in the low frequency range below 40 Hz, at least until reaching its 
characteristic frequency, in order to evaluate the capacitor’s behaviour at low frequency. 
Additionally, increasing the high frequency limit above 1 MHz, will allow to determine the 
series resistance and compare with the one deduced from charge – discharge plot. 
The measurement setup could be improved also by designing a PCB with the bottom 
electrode and BNC connectors to contain the MiM capacitor instead of using a silicon 
waffer, so that the contact between probes and the device would be robust, repeatable, 
and safer, since the current fabrication procedure yelds to fragile samples which are very 
easy to destroy during the testing phase when contacting the electrodes. 
Once the increase of electrode capacitance is fully demonstrated, the next step would be 
to include a separator and some electrolytic substance into the MiM structure, and make 
a stack of MiM cells to lead to a supercapacitor. 
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